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We investigated the wavelength dependence and photon-ﬂuence rate response relationship for pho-
totaxis of wild-type and a cyanobacterial phytochrome 2 (cph2) mutant in cyanobacterium Synecho-
cystis sp. PCC 6803. Compared to wild-type, the cph2 mutant exhibited maximal activity for positive
phototaxis at the near-UV spectral range. Two cysteine to serine substitutions in two chromophore-
binding domains showed a similar cph2 mutant phenotype under UV-A. Epistasis of a pixJ mutation
over a cph2mutation implied that pixJ gene acts downstream of the cph2 gene with respect to UV-A-
induced positive phototaxis. Therefore, we suggest that Cph2 is essential for the inhibition of posi-
tive phototaxis toward UV-A.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction Unlike the red/far-red reversible photoconversion of plant phy-Cyanobacteria respond to various degrees of prevailing light
intensities as well as spectral qualities through the action of sev-
eral different photoreceptors coupled to signal transduction net-
works [1]. So far, the most frequently studied photoreceptors in
cyanobacterium Synechocystis sp. PCC 6803 (hereafter Syn6803)
are phytochromes. In Syn6803, recent studies revealed several
genes encoding putative phytochrome-like proteins and their pos-
sible functions in considerable detail at both photophysiological
and structural levels [1,2].chemical Societies. Published by E
enylate cyclase, FhlA; PCB,
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Pohang 790-784, Republic oftochromes, cyanobacterial phytochromes exhibit very diverse
spectral properties from the near-UV to red regions [2]. Cyanobac-
terial phytochrome Cph1, a light-regulated bilin protein kinase,
undergoes classic red/far-red reversibility in vitro [3,4]. In contrast
to Cph1, Cph2 lacks a histidine kinase domain and has two cGMP-
phosphodiesterase, adenylate cyclase, FhlA (GAF) domains with
two bilin binding sites, cysteine-129 and cysteine-1022 [5]. Spec-
troscopic analysis of bilin attachment to the recombinant N-termi-
nal GAF domain showed typical red/far-red reversibility, whereas a
phycocyanobilin (PCB) adduct of the recombinant C-terminal part
absorbed blue light more strongly than red light [6]. Another phy-
tochrome-like protein, PixJ1 (or TaxD1), binds a linear tetrapyrrole
covalently and shows reversible photoconversion between blue
and green-absorbing forms [7,8]. Interestingly, the putative chro-
mophore-binding GAF domain of a CikA homolog (Slr1969, de-
noted circadian input kinase homolog of Synechocystis sp. PCC
6803 (SyCikA)), isolated from both Syn6803 and PCB-producing
Escherichia coli, shows unique absorption peaks in the UV
(325 nm) and violet (400) regions [9].
Syn6803 cells display phototactic gliding motility both on agar
surfaces and in a cubic liquid chamber [10–13]. It has been recently
reported on the photomovement that PixJ1 (TaxD1) controlslsevier B.V. All rights reserved.
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show negative phototaxis away from light sources [14,15]. Previ-
ous reports also suggested that Cph2 inhibits positive phototaxis
toward blue light [16,17]. However, very little is known concerning
the role of these phytochrome-like proteins for sensing UV-A
in vivo or for modulating phototactic responses speciﬁcally to
UV-A. Here, we show that Cph2 is involved in inhibiting positive
phototaxis toward UV-A. In addition, we present evidence of a pos-
sible epistasis between pixJ1 and cph2 genes in the UV-A signaling
pathway. These data provide new insights and suggest speciﬁc
models for the regulatory roles of two phytochrome-like proteins,
PixJ1 and Cph2, responding to UV-A in the phototaxis of Syn6803.
2. Materials and methods
2.1. Bacterial strains and culture conditions
Synechocystis sp. PCC 6803 (referred to as wild-type) and a cph2
deletion mutant were used for the present study. Spectinomycin
(10 lg ml1) and chloramphenicol (34 lg ml1) were added to
the medium when cph2, pixJ1, and cph2/pixJ1 gene-disrupted mu-
tants were screened and maintained. The media and other culture
conditions for growth and preparation of the cell suspensions for
the observation of photomovement were previously described
[10–12].
2.2. Action spectra and photomovement assay
Photomovement assay on 0.4% agar and single-cell experiments
were performed as previously described [12]. Syn6803 cells were
laterally illuminated with red and green lights at a different pho-
ton-ﬂuence rates using LED lamps (GF-520, Goodfeeling Co. Ltd.,
Sungnam, South Korea). Each LED light source emitted a peak
wavelength of 662 and 516 nm with a half-band width of 13 and
20 nm, respectively. Blue light was emitted from ﬂuorescent lamps
(FLR20SEB/M, Matsushita Electric Industrial Co. Ltd., Osaka, Japan)
with a peak wavelength of 460 nm at incident irradiances of 3–
30 lmol m2 s1. For UV-A treatment, experiments were performed
using a black ﬂuorescent bulb (FL20S, BLB, Toshiba Co., Tokyo,
Japan) with an emission spectrum between 300 and 400 nm. The
action spectra for wild-type and the cph2 mutant were measured
by modifying the method described in a previous paper [12,13].
An action spectrum was constructed from photon-ﬂuence rate
response curves using criterion response. The ‘‘quantum effective-
ness’’, which is the y-coordinate of the action spectrum, was
deﬁned as reciprocal of the photon-ﬂuence rate required to obtain
a half-maximal phototactic response (r value = 0.5) at each wave-
length. All the experiments described were repeated four times
and averages of four different individual assays were taken.
2.3. Generation of phytochrome knockout mutants
Genomic DNA was isolated according to the method of Porter
[18]. Restriction endonucleases were obtained from New England
Biolabs (Ipswich, MA, USA) and used according to the manufac-
turer’s recommendation. The cph2 (locus sll0821) gene was
ampliﬁed by PCR using the primers 50-CGGAATTCATGAACCC
TAATCGATCCTT-30 and 50-CGCGGATCCCTAAACTTCCCCATCAACAT
-30. To inactivate cph2, a cassette conferring spectinomycin resis-
tance (digested with SmaI) was blunt end-ligated into the Eco47III
site (position 611 and 970 of the insert) of a 3831 base pairs of cph2
PCR product that was cloned into pQE12 vector (Qiagen, Hilden,
Germany). The pixJ1 (locus sll0041) gene was ampliﬁed by PCR
using the primers 50-AATGTCCACCCCCAAGTCAG-30 and 50-GCTAA
CCTCTTGGCACCTCC-30. To inactivate pixJ1, a cassette conferringspectinomycin resistance (digested with SmaI) was ligated into
the BstEII sites (position 1149 and 3255 of the insert) of a 4.61 kb
of pixJ1 PCR product that was cloned into pGEM-T Easy Vector
(Promega, Madison, WI, USA).
Vectors containing these disrupted genes were used to trans-
formmotile Syn6803 cells. Antibiotic-resistant transformants were
selected [18] and segregated several times, and then ﬁnally named
cph2 and pixJ1 mutants. To make the cph2/pixJ1 double knockout
mutant, a cassette including chloramphenicol resistance (digested
with SmaI) was ligated into the BstEII sites of a 4.61 kb of pixJ1 PCR
product that was cloned into pGEM-T Easy Vector (Promega, Mad-
ison, WI, USA). This was then used to transform the cph2 mutant,
and chloramphenicol-resistant transformants were selected and
segregated several times. Genomic DNA was isolated from individ-
ual transformants and PCR analysis was performed to conﬁrm
whether the target genomic DNA carried the disrupted gene.
2.4. Complementation of the cph2 mutation and site-directed
mutagenesis
To construct a vector for complementation, we performed PCR
using two primers 50-CGGGGTACCCCACAAACCACTACCCCGCTCA-30
and 50-CCGACGCGTCGACCTTTATTACGATGCCCGC-30. PCR products
were ligated into a pCR-Blunt II-TOPO blunt vector (Invitrogen,
Carlsbad, CA, USA). The QuickChange mutagenesis kit (Stratagene,
La Jolla, CA, USA) was used for in vitro mutagenesis using the man-
ufacturer’s protocol. Two different cph2-speciﬁc complementary
primers with base substitution at the chromophore binding site
Cys129 and Cys1022 residues were used. The two complementary
primers used for Cys129 were 50-ACACAACAGTGGATAGTTCTCATA
TTCAATATCTC-30 and 50-GAGATATTGAATGTGAGAACTATCCACTGT
TGTGT-30. Original TGT codon was mutated to the TCT (boldface)
to replace the Cys129 with serine. The two complementary primers
used for Cys1022 were 50-GGCTGACTTGGCGGACAGCCACAAG
GAGTTACTG-30 and 50-CAGTAACTCCTTGTGGCTGTCCGCCAAGT
CAGCC-30. The original AGC codon was mutated to GCT (boldface)
to replace Cys1022 with serine. All three vectors were digested
withMluI/KpnI and ligated into pIGA vector donated by Dr. Michael
Summers [19]. Vectors containing these point mutations and
complementation were used to transform cph2 cells, and antibi-
otic-resistant transformants were selected [18]. Genomic DNA
was isolated from individual transformants, and PCR analysis was
performed to conﬁrm whether the target genomic DNA carried
the complementation and two different point mutations; they
were named CPH2, C129S and C1022S, respectively.
3. Results and discussion
3.1. Cph2 inhibits positive phototaxis toward UV-A
To further understand the role of Cph2 in vivo, phototactic re-
sponses of the cph2 mutant to different wavelengths were exam-
ined on 0.4% agar plates and compared with those of wild-type.
The cph2 mutant strain moved toward red, green, and blue light
with a somewhat enhanced motility rate and straightness of path
more than that of wild-type cells (Fig. 1A–C). In accordance with
previous reports [16,17], we also observed positive phototaxis of
cph2 mutant cells under blue light. However, in contrast to the re-
sults from previous reports [16,17], blue light irradiation induced
positive phototaxis in wild-type Syn6803 cells. This discrepancy
could be explained by strain variation, as described in previous re-
ports [12,16,17]. In addition, phototaxis ability under UV-A was
also assessed in the cells. The wild-type and cph2 mutant pheno-
types after gliding for 3 days under unilateral UV-A are shown in
Fig. 1D. Unlike wild-type, which lost positive phototaxis, the cph2
Fig. 1. Wavelength dependence of the photomovement of wild-type and the cph2
mutant. Each cell suspension of 4 ll was dotted on soft agar (0.4%) BG11 plates
containing 10 mM glucose. Plates were incubated for 4 days under unidirectional
illuminations with (A) red and (B) green LED lamps at 5 lmol m2 s1, and (C) blue
and (D) UV-A ﬂuorescent lamps at 10 lmol m2 s1. The dotted line shows the
initial position before illumination. Arrows indicate the direction of the unilateral
light.
Fig. 2. Photon-ﬂuence rate response curves for phototaxis in wild-type (closed
circles) and the cph2 mutant (open circle) at the single cell level under UV-A (300–
400 nm). Phototactic orientation with respect to photon-ﬂuence rate in wild-type
and cph2 mutant cells was measured under broad UV-A spectrum (300–400 nm).
Compared with that of wild-type (closed circle), the cph2 mutant (open circle)
exhibited a clearly enhanced sensitivity to UV-A depending on increasing photon-
ﬂuence rates. Each point represents the average and standard errors (S.E.) of the
mean phototactic orientation (r value) from three to ﬁve independent
measurements.
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UV-A (Fig. 1D). Under UV-A illumination, deletion of the cph2 gene
led to a marked increase in positive phototaxis relative to wild-
type. This clearly indicates that cph2 is essential for suppressing
positive phototaxis toward UV-A at the light intensities tested.
3.2. Photon-ﬂuence rate response in broadband UV-A irradiation
While Cph2 is thought to be required for inhibition of positive
phototaxis in Syn6803 toward blue light [16,17], it is not clear
whether Cph2 could be involved in regulating movement towards
UV. In addition, phototactic sensitivity of the cph2 mutant has not
been determined. Therefore, in order to see whether phototactic
sensitivity of the cph2 mutant is dependent upon the intensity of
the UV-A exposure, photon-ﬂuence rate response for the photo-
taxis of Syn6803 cells was examined after irradiation with UV-A
at the single cell level using a laboratory-developed computer-
aided phototaxis analysis system. The phototactic orientation of
cph2 and wild-type cells was measured at different light intensities
(0.3–40.0 lmol m2 s1) with a broad UV-A spectrum (300–
400 nm). Photon-ﬂuence rate response curves for both wild-type
and the cph2mutant showed that the positive phototactic response
was stronger in the cph2 mutant compared to wild-type, as illus-
trated in Fig. 2. The increased phototactic response in the cph2mu-
tant was readily apparent depending on the UV-A ﬂuence rates.
Compared with that of wild-type, the ﬂuence-response curve of
the cph2 mutant for the phototactic response was shifted to lower
ﬂuence and showed a nearly parallel 10-fold shift (Fig. 2). This re-
sult indicates that the cph2 mutant is considerably more sensitive
to UV-A than wild-type, depending on UV-A intensities. These ﬁnd-
ings obtained from single cell experiment are consistent with our
prior observation, where the cph2mutant exhibits an increased po-
sitive phototaxis toward UV-A on agar surfaces (Fig. 1D). Thus, our
results also indicate that Cph2 could be involved directly orindirectly in sensing UV-A by inhibiting positive phototaxis to-
wards UV-A.
3.3. Photon-ﬂuence rate response curves and action spectrum for
photomovement
To conﬁrm whether Cph2 affected photoperception only under
UV-A irradiation, we generated action spectra for phototaxis from
the photon-ﬂuence rate response curves for wild-type and cph2
mutant cells at various wavelengths. We generated photon-ﬂuence
rate response curves of phototaxis for various monochromatic
lights given at approximately 20 nm increments from 260 to
730 nm, and at photon-ﬂuence rates ranging between 0.01 and
100 lmol m2 s1. Supplementary Fig. S1 shows the photon-ﬂu-
ence rate response curves for phototaxis of wild-type and the
cph2 mutant at 20 different wavelengths ranging from 260 to
730 nm. As shown in Supplementary Fig. S1, the photon-ﬂuence
rate response curves within the UV spectral range (300–380 nm)
represented an increment in sensitivity in cph2 mutant cells com-
pared with that in wild-type. At 320 and 360 nm, the sensitivity of
phototactic response in the cph2 mutant was relatively stronger
than that in wild-type. At wavelengths longer than 460 nm, there
were small differences in phototactic sensitivity between wild-
type and the cph2mutant, even at quite high light intensities. Dele-
tion of the cph2 gene led to the increment of positive phototaxis
in response to monochromatic UV ranging from 300 to 380 nm
(Supplementary Fig. S1). Thus, these results suggest that Cph2 is
involved in inhibiting positive phototaxis toward UV.
We determined the sensitivity of the cph2 mutant to different
UV light intensities at each wavelength and then compared the
quantum effectiveness of the cph2 mutant with that of wild-type
(Fig. 3). As shown in Fig. 3, the action spectrum was obtained by
plotting the quantum effectiveness versus wavelength. Under the
UV spectral range, the action spectrum for the cph2 mutant differs
signiﬁcantly from that for wild-type (Fig. 3). As a result of the dis-
placement of photon-ﬂuence rate response curves to lower inten-
sity, the entire UV action spectrum of the cph2 mutant is shifted
upwards. This means that the cph2 mutant is much more UV-sen-
sitive than wild-type. Compared with wild-type, strong activity of
Fig. 3. Action spectra of positive phototaxis for wild-type and the cph2 mutant.
Comparison of quantum effectiveness between wild-type (closed circle) and the
cph2 mutant (open circle) under various monochromatic light sources at the single
cell level. The ratio of effectiveness of wild-type to that of the cph2 mutant gives the
relative quantum effectiveness at each test wavelength (inset).
Fig. 4. Phenotypic comparison of photomovements of wild-type, the cph2 mutant
and point mutants under UV-A. Wild-type, cph2 and cph2-complement (CPH2-
1,2,3) (A), cph2-N-term point mutant (c129s-1,2,3) (B), and cph2-C-term point
mutant (c1022s-1,2,3) cells (C) were dotted on 0.4% BG11 agar plates supplemented
with 10 mM glucose. Plates were illuminated from one side (indicated by the
arrow) using UV-A ﬂuorescent lamps with light intensity of 10 lmol m2 s1 and
cells were allowed to grow for 3 days.
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spectral range, with a greater sensitivity at 320 and 360 nm. The
cph2 mutant revealed 4  103- and 102-fold higher quantum effec-
tiveness than wild-type at 320 and 360 nm, respectively. At wave-
lengths from 400 to 440 nm, there was no detectable phototactic
activity in either wild-type or the cph2 mutant (Fig. 3), indicating
that no major contribution of Cph2 in the phototactic response is
likely to occur at these wavelengths (400–440 nm). Above
460 nm, the cph2 mutant was slightly more sensitive than wild-
type.
The ratio of effectiveness of wild-type to that of the cph2 mu-
tant gives the relative quantum effectiveness at each tested wave-
length. Relative quantum effectiveness was plotted against
wavelength to give the relative action spectrum (Fig. 3, inset). As
shown in the inset of Fig. 3, the UV action spectrum for phototaxis
exhibited a major peak centered at 320 nm as well as a signiﬁcant
minor peak at 360 nm. Additionally, there were minuscule peaks at
approximately 460, 560, 620, and 680 nm. This is in agreement
with a prior observation that cph2 mutant shows markedly en-
hanced positive phototaxis on a plate illuminated with UV-A com-
pared to other wavelengths. Thus, these results strongly indicate
that Cph2 is necessary for inhibiting positive phototaxis toward
UV-A rather than blue light in vivo.
Our action spectrum was consistent with the results of a previ-
ous study [6], where the whole absorption spectrum (250–750 nm)
for recombinant Cph2-C423-PCB adduct including C-term GAF do-
main shows a relatively high UV absorption with a blue peak
in vitro [6]. In addition, our result is in line with a previous report
demonstrating that photoactive GAF domain of CikA homolog
(SyCikA_GAF) in Syn6803 shows unique absorption peaks in the
UV (325 nm) and violet (400 nm) regions [9].
3.4. Two conserved cysteines of Cph2 are involved in inhibition of
phototaxis toward UV-A
As described above, we have demonstrated for the ﬁrst time
that Cph2 is involved in inhibiting positive phototaxis in response
to UV-A. Previous report suggests that two putative chromophore-
binding cysteines of Cph2 are involved in controlling blue-light
induced phototaxis [17]. To test whether two putative chromo-
phore-binding cysteines are also necessary for Cph2 function under
UV-A, cysteine to serine mutations (strain C129S and C1022S) wereconstructed as described in Section 2. Compared with the non-mo-
tile phenotype of wild-type, cph2 deletion mutant moved toward
UV-A as previously described (Figs. 1 and 4). When the cph2 dele-
tion mutant was complemented with a wild-type cph2 gene copy
in a pIGA vector, phototaxis of the complement CPH2 was restored
to the wild-type phenotype as shown in Fig. 4A. Thus, we con-
ﬁrmed that the cph2 mutation induced UV-A-dependent positive
phototaxis. However, serine substitutions at two putative chromo-
phore-binding cysteines did not recover the cph2 mutant back to
wild-type under UV-A (Fig. 4B and C). Like the cph2 mutant, both
C129S and C1022S mutants showed positive phototaxis toward
UV-A (Fig. 4B and C). These results indicate that the putative chro-
mophore-binding cysteines in the C-terminal as well as in the N-
terminal GAF domains are required for the inhibitory role of
Cph2 in positive phototaxis toward UV-A.
3.5. pixJ1 is epistatic to cph2 in response to UV-A
In this study, we performed a genetic analysis to deﬁne the reg-
ulatory hierarchy between PixJ1 and Cph2 in the UV-A induced sig-
naling pathway. In addition to the pixJ1 single mutant, the cph2/
pixJ1 double mutant was also constructed to determine possible
epistatic interactions. The phenotypes of each single mutant and
double mutant are shown in Fig. 5A. Unlike wild-type, which dis-
played non-motile phenotype, the pixJ1 mutant showed clear neg-
ative phototaxis away from UV-A. We also found that the pixJ1
mutant showed negative phototaxis in response to blue light as
well as to red and white light (data not shown), consistent with
data from previous studies [14,15]. Based on our observations as
well as those previously reported [14,15], we suggest that PixJ1
(or TaxD1) can be involved in facilitating positive phototaxis and
inhibiting negative phototaxis in the UV-A signaling pathway of
Syn6803 (Fig. 5B). In contrast to pixJ1 mutation, cph2 mutation
leads to clearly positive phototaxis toward UV-A, as observed in
Fig 1D (Fig. 5A). Given that each mutant shows a distinct pheno-
type with respect to phototactic orientation under UV-A, it is pos-
sible to establish which mutation is epistatic based on the double
mutant phenotype. Depending on UV-A, epistatic relationship be-
tween the cph2 and pixJ1 mutation can be inferred from the
cph2/pixJ1 double mutant phenotype. Although the phototactic
Fig. 5. Opposite role of Cph2 and PixJ1 in UV-A-induced phototaxis. (A) Phenotypic
comparison of photomovement between wild-type, the cph2/pixJ1 double mutant,
and pixJ1 and cph2 single mutants under UV-A. Plates were incubated for 4 days
under unidirectional illuminations with UV-A ﬂuorescent lamps at intensities of 3,
10, and 18 lmol m2 s1. (B) A possible model representing the regulatory roles of
Cph2, PixJ1 and cyanopterin-containing protein(s) in the UV-A-induced phototaxis
of Syn6803. Cph2 is involved in inhibition of the positive phototaxis toward UV-A.
PixJ1 and cyanopterin-containing protein(s) are required to positive phototaxis and
are also involved in suppressing the negative phototaxis against UV-A in Syn6803.
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than that of the pixJ1 single mutants, the phenotype of the cph2/
pixJ1 double mutant resembled that of the pixJ1 single mutant. This
result showed that pixJ1 mutation is epistatic to cph2 mutation
with respect to UV-A induced phototaxis, thus suggesting that
PixJ1 and Cph2 may act in the same pathway with PixJ1 being
downstream of Cph2. It has been reported that Cph2 is involved
in inhibiting positive phototaxis of Syn6803 cells toward blue light
[16,17]. Therefore, Cph2 may be required for inhibiting positive
phototaxis in response to UV-A/blue light. Thus, interaction of
Cph2 and PixJ1 (TaxD1) might be important for the light-induced
signal transduction leading to inhibition of positive phototaxis as
previously reported [14,16]. On the other hand, induction of posi-
tive phototaxis in response to UV-A may depend, at least in part, on
a combined effect of regulatory activities of these phytochrome-
like proteins and UV/blue receptors required for sensing UV-A/blue
light. Our previous studies also suggest that cyanopterin-contain-
ing protein(s) is involved in the modulation of phototaxis underUV-A in Syn6803 [12,13]. These results are in agreement with a
model in which near UV/blue light-induced responses are medi-
ated by a ﬂavoprotein (cryptochrome-like photoreceptor) contain-
ing pterin and ﬂavin [20]. Under UV-A, the inhibitory effect of Cph2
on positive phototaxis could be counterbalanced by the opposite
action of cyanopterin-containing photoreceptor(s) as proposed in
our previous study of the pgtA mutant [12]. Accordingly, involve-
ment of pterin-containing protein(s) in positive phototactic re-
sponses to UV-A may be one aspect of concerted action with
PixJ1 (TaxD1). Taking all of these available results into consider-
ation, we propose that in contrast to the negative regulation of
Cph2 in positive phototaxis, the cyanopterin-containing protein(s)
probably acts as a positive regulator in concert with phytochrome-
like PixJ1 (or TaxD1) to induce positive phototaxis in the UV-A sig-
naling pathway of Syn6803 (Fig. 5B).
In conclusion, our results suggest that Cph2 is necessary for the
inhibition of positive phototaxis toward UV-A. Furthermore, UV-A-
induced phototaxis of Syn6803 appears to be controlled through
regulatory actions by two cyanobacterial phytochromes (Cph2
and PixJ1) and cyanopterin-containing protein(s). Therefore, our
data represent evidence of the in vivo role of cyanobacterial phyto-
chromes in response to UV-A, which until now has not been
described.
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